Kogarkoite, anhydrous monoclinic sodium fluorosulphate, was identified as a white granular coagulate in the Shalo hot spring situated between the towns of Hawasa and Shashemene, in the central part of the Main Ethiopian Rift in southern Ethiopia. The mineral crystallizes together with trona, Na 3 (HCO 3 )(CO 3 )·2H 2 O, and opal as white stratified sinter covering the surface of rhyolite chips semi-immerged in Na-HCO 3 type thermal water with temperatures of up to 96 °C. The determined chemical composition of kogarkoite is close to the ideal formula Na 3 (SO 4 )F and the refined unit-cell parameters are a = 18.089(2) Å, b = 6.965(1) Å, c = 11.457(1) Å, β = 107.72(1°), V = 1374.4(4) Å 3 . Increased concentrations of fluorine in groundwater were detected in the area of the rift floor of the central and northern parts of the Main Ethiopian Rift including the wider vicinity of the towns of Shashemene and Hawasa; however, this is the first described occurrence of fluorine-bearing mineral related to hot springs in Ethiopia. The presence of "free" fluorine both in cold groundwater (up to 17 mg/l) and in the Shalo hot spring (40 mg/l) is related to the prevalence of highly alkaline silicic volcanic rocks (namely pantelleritic obsidians) extremely poor in calcium and phosphorus. This prevents fixing of fluorine in apatite or in other stable minerals.
Introduction
Kogarkoite, Na 3 (SO 4 )F, is a rare monoclinic mineral (space group P2 1 /m, Z = 12) of the sulphohalite group, which is found in several places around the World. Its occurrences belong principally to four paragenetic types: magmatic in alkaline rocks, volcanic sublimate, precipitate from the water of several African alkaline lakes and sinter crystallized from hot springs.
The type locality of kogarkoite is the Umbozero mine in Mt. Alluaiy in the Lovozero Massif, Kola Peninsula, Russia. The mineral was originally described as chlorinefree scheirerite by Kogarko (1961) and later classified as an individual mineral species (Pabst and Sharp 1973) . At the type locality, kogarkoite occurs as an accessory mineral in nepheline syenite pegmatite together with villiaumite and many other rare minerals. A similar mineral assemblage was described from an analogous occurrence in Mt. Saint-Hilaire, Quebec (Chao et al. 1991) . At Point of Rocks Mesa (Pecks Mesa), Springer, Colfax Co., New Mexico kogarkoite occurs as an accessory mineral in phonolite, consisting of alkali feldspars, zeolites and nepheline (DeMark 1984) . volcanic activity, resulting in the formation of linearly aligned mafic volcanic fields (e.g., Rooney et al. 2005; Abebe et al. 2007; Mazzarini et al. 2013 ) and complex silicic volcanoes. The latter comprise obsidian lava domes and pumiceous deposits, which frequently experienced climactic caldera-forming phases (e.g., Peccerillo et al. 2003; Biggs et al. 2011; Lloyd et al. 2015) .
The wider area of the Shalo hot spring is a part of the Hawasa Caldera, located at the eastern edge of the southern part of the Main Ethiopian Rift, in the vicinity of the towns of Shashemene and Hawasa (Fig. 1) . The geological evolution of this area prior to the formation of the Hawasa Caldera included both silicic and basic volcanic eruptions. The oldest unit, the Nazret Group of Late Miocene-Pliocene age, is dominated by rhyolitic ignimbrites with subordinate porphyritic trachybasalts in the upper and lower parts of the succession. The ignimbrites of the Nazret Group do not crop out on the surface in the area studied but are exposed in the rift scarps further to the N and E. The ages of the trachybasaltic members of the Nazret Group, exposed in the area of Wendo Genet, were determined by bulk-rock K-Ar dating at 5.51 ± 3.8 and 10.3 ± 1.4 Ma (Žáček et al. 2014 ) and a similar age of 9.69 ± 0.7 Ma (bulk-rock) for the older trachybasalts was also presented by Wolde-Gabriel et al. (1990) .
The current geology and morphology have mainly resulted from the formation and evolution of the Hawasa Caldera. Several published K-Ar ages (feldspar and bulk-rock) of the ignimbrite eruptions from the Hawasa Caldera vary between 1.1 ± 0.1 and 1.85 ± 0.1 Ma (Wolde-Gabriel et al. 1990 , JICA 2012 and Rapprich et al. 2013 ). The climactic caldera-forming ignimbrite eruptions were followed by extrusions of volcanic domes. The lava domes consisting of microcrystalline rhyolite and obsidian are exposed on the scarps of the Weransa Fault and the Hawasa Caldera in the Wendo Genet area, respectively. The maximum thickness of the Hawasa Caldera eruptive sequence exceeds 600 m, the bulk-rock K-Ar ages vary between 1.02 ± 0.14 and 1.18 ± 0.12 Ma (Žáček et al. 2014) . The formation of the Hawasa Caldera was followed by the younger Corbetti Caldera (Di Paola 1971; Biggs et al. 2011; Rapprich et al. 2013 ) inset in its north-western corner (Fig. 1) . The Corbetti Caldera produced several ignimbrite units during the Middle Pleistocene (0.98 ± 0.26, 0.67 ± 0.13, 0.21 ± 0.01-0.19 ± 0.02 Ma: JICA 2012, Žáček et al. 2014 ; bulk-rock and bulk-rock with extracted magnetic fraction) reaching up to 700 m of total thickness. The bottom of the Hawasa Caldera infilled with the Corbetti Caldera ignimbrites is intersected by transverse, NW-SE trending Weransa Fault (Fig. 1) . Scarce scoriaand tuff-cones with associated basaltic lava flows are scattered over the central, southern and eastern parts of the Hawasa Caldera bottom. Geochronological analysis of these basaltic rocks is somehow problematic, but the geological setting of the basalts overlaying Corbetti ignimbrites suggests the Late Pleistocene age.
The youngest volcanic deposits in the area of interest represent pumices and obsidian lava flows from two post-caldera volcanoes, Chabi and Wendo Koshe (Urji), which emerged within the Corbetti Caldera (DiPaola 1971; Rapprich et al. 2013) . The latest pumice eruption occurred ~396 BC (Debebe et al. 2014) and covered the area with a fall deposit with the thickness decreasing eastwards from about 2 m at the Hawasa-Shashemene road to 20 cm in the area of the Shalo hot spring and 10 cm around the Wesha hot spring. A layer of yellowish phreatomagmatic tuff up to 6 m thick and of an uncertain source is embedded between the Pleistocene ignimbrites and the ~396 BC pumice deposit (Žáček et al. 2014) . Non-volcanic deposits in the study area mainly represent colluvial sediments and re-sedimented pyroclastic rocks. These polygenetic sediments currently fill the basin of the Hawassa Caldera including the former Chaleleka Lake.
The groundwater infiltration zones in the study area are located on the eastern rift shoulder (eastern plateau) and the thermal waters experienced deep circulation along the riftmarginal and parallel rift faults (Tilahun and Šíma 2013, see 
Methods

X-ray diffraction (XRD)
The material was separated under a binocular microscope and studied by X-ray powder diffraction. X-ray diffraction data were obtained using a Phillips X'Pert diffractometer (Czech Geological Survey, Prague) in the Bragg-Brentano arrangement using CuK α radiation (40 kV/40 mA), and a secondary graphite monochromator. The data were collected in the angular range of 2-80° 2θ with a step of 0.02° 2θ for 20 s per step. The material was gently pulverized together with acetone in an agate mortar. To minimize the complicated shape of the background, the sample was placed on a flat silicon wafer from the acetone suspension. The unitcell parameters were refined from the powder data by whole-profile pattern fitting using the computer program FullProf (Rodríguez-Carvajal 1993) . The initial crystallographic data for kogarkoite, trona and halite (which were also present in the sample) were taken from Fanfani et al. (1980) , Pertlik (1986) and Nickels et al (1949) respectively. 
electron microprobe
The carbon-coated polished section of several ~1-2 mm large grains was used for an electron-microprobe study. Chemical microanalyses were performed with a Cameca SX-100 electron microprobe (Joint laboratory of the Masaryk University and the Czech Geological Survey in Brno, Czech Republic) operating in the wavelength dispersion mode with an accelerating voltage of 15 kV, a sample current of 4 nA, and a beam diameter of 5 μm.
The following standards were used: Na -albite, Mg -pyrope, S -SrSO 4 , Ca -wollastonite, K -sanidine, Fe -almandine, Mn -spessartine, F -CaF 2 . The raw data were converted to the concentration using the PaP matrix correction (Pouchou and Pichoir 1985) . Silica was not analysed in the kogarkoite, as the obtained EDS spectra did not indicate significant amounts and traces of Si might have been captured from the surrounding opal.
Occurrence
The material containing the later identified kogarkoite was collected from the Shalo hot springs (documentation point SD004: 7.10694°N, 38.56972°E) during geological mapping on a scale of 1 : 50 000 in October 2013 (Žáček et al. 2014 ). The sampling was undertaken during the dry season. The Shalo hot springs are situated on the rift floor, at the foot of the Weransa Ridge, on the shore of the former Chaleleka Lake, 10 km to the south of Shashemene, southern Ethiopia (Fig. 1) . The Shalo hot spring system is located at a crossing of the NW-SE trending Weransa Fault with younger riftparallel faults (Fig. 1) . The hot spring system actually consists of several spring eyes arranged linearly over a distance of some 500 m. There are principally two groups of big springs, forming the eastern and western arms of a small lake producing much vapour, and many smaller dispersed spring eyes with variable discharges. Maximum temperature of 96 °C was recorded in the spring UHS-52 (UNDP 1971). The hot water from the springs merges into a single brook, which gradually disappears into the marshes of the former Chaleleka Lake. This observation is in agreement with Di Paola (1971) , who stated that the discharge from the group of springs is "not calculable, but high". The efflorescence occurrence is situated in a small spring on the western branch of the hot lake (Figs 2-3) . The white efflorescence is known from several relatively small springs, while on the muddy shore of the neighbouring "lake" it was not observed. Previous studies even reported that efflorescence (sinter deposits) is not present (UNDP 1971) .
The minerals occur as a white efflorescence on the chips of rocks semi-immerged in the water. The minerals nucleate at the water level and several mm above the surface of the rock; the completely submerged chips are without efflorescence (Figs 4-5) . The surface of the crusts (efflorescence) is white or colourless and can cover several cm 2 , with the thickness varying from < 1 mm to ~3 mm.
Results
The studied sample represents white efflorescence of up to 3 mm thick grown on a 6 × 7 × 4 cm chip of rhyolite. A stratified structure of efflorescence was observed in the hand specimen and confirmed in the BSE. Microscopic observations showed that the efflorescence consists of three zones (layers) (Fig. 6) . The basal layer, nucleated directly on the rock, is 0.1-1.5 mm thick. It is formed by colourless amorphous silica (opal) of a glassy massive appearance with a roughly prismatic flake-like decomposition. After a sharp contact, it is followed by a ~1.5 mm thick zone of white fine-grained material, composed of euhedral to subhedral crystals of kogarkoite 5-50 μm long (lighter in the BSE) intergrown with subordinate trona grains (darker in the BSE, Fig. 6 ). The surface of the efflorescence is covered by snow-white, extremely delicate skeletal aggregates of trona (Fig. 7) .
The powder X-ray diffraction study of the white powdery and soft efflorescence (sample SD004a) revealed dominant trona, slightly subordinate kogarkoite and traces of halite. As can be seen in Fig. 8 elevated background in the diffraction data between ~15-40° 2Ɵ, with a weak maximum at ~22° 2Ɵ, indicates the presence of an amorphous phase (most likely opal).
Sample SD004b from the underlying colourless, glassy and relatively hard material was completely amorphous (opal) with the characteristic elevated background described above. Diffraction data are given in Tab. 1. The refined unit-cell parameters for space group P2 1 /m (Tab. 2) are consistent with values reported previously for kogarkoite samples (Pabst and Sharp 1973; Fanfani et al. 1980) .
The microprobe analysis yielded a chemistry close to the ideal formula of kogarkoite, Na 3 (SO 4 )F; the slight deviation from the ideal stoichiometry is most probably caused by partial volatilization of the Na during the analysis. The concentrations of CaO range between 0.09 and 0.15 wt. %; FeO, MgO, K 2 O are still lower, mostly below 0.10 wt. % (Tab. 3). Chlorine was not detected. The lower analytical totals of some analyses (98.5-99 wt. %) are most probably due to the porosity of the sample and instability of the kogarkoite under electron beam. 
Powder X-ray diffraction pattern of the sample SD004a containing kogarkoite (K -kogarkoite, T -trona, H -halite). 
Tab. 1 Powder X-ray diffraction data for kogarkoite (in Å)
Discussion
Kogarkoite occurs together with opal and trona as coagulate in the Shalo hot spring located on the eastern edge of the Hawasa Caldera in the Main Ethiopian Rift. This thermal spring displays the highest temperatures (up to 96 °C), highest concentrations of F -, SiO 2 and SO 4 2-, plus high Na + and HCO 3 -and the lowest Ca 2+ of all of the thermal springs in the vicinity of the towns of Shashemene and Hawasa.
The minerals form a recent sinter on the surface of the rhyolite chips by coagulation, capillary rise and evaporation processes. Poorly soluble amorphous silica (opal, SiO 2 ·nH 2 O) precipitates first, followed by kogarkoite. Finally, water well-soluble trona nucleates on the top of the efflorescence by a combination of capillary rise and evaporation.
The studied kogarkoite has a nearly stoichiometric empiric formula, the elevated CaO (0.09-0.15 wt. %) is notable with respect to the low Ca content in the water and the absence of Ca carbonates in the spring precipitate.
The water chemistry of the Shalo hot spring UHS-52 (T = 96 °C, pH = 3) taken from a study by UNDP (1971) and also given by Žáček et al. (2014) Cronin et al. (2003) , the rapidly soluble fluorides in silicic volcanic environs are mainly represented by NaF and CaSiF 6 which form tiny coatings on pyroclastic particles (Óskarsson 1980) . The high reaction surface of fine-grained or densely vesicular pyroclastic deposits is prone to very rapid leaching.
The following compositional ranges include 9 chemical analyses of silicic rocks from the vicinity of Shashemene (Žáček et al. 2014 ). All of these rocks contain high concentrations of SiO 2 (69.67-75.16 wt. %), K 2 O (4.19-4.76 wt. %), Na 2 O (3.52-4.96 %) and F (0.05-0.25 wt. %) as well as extremely low concentrations of CaO (0.12-0.58 wt. %) and P 2 O 5 (0.013-0.041 wt. %).
It is a well-known fact that the concentrations of fluorine (fluoride) in the groundwater around Shashemene and Hawasa are generally high. The fluorine concentration in the cold groundwater, including drilled wells, can reach 17 mg/l and tends to decrease with depth (Tadesse and Zenaw 2003; Žáček et al. 2014) . This is likely to be an effect of progressive depletion of older volcanic (pyroclastic) rocks in fluorine due their higher age and the longer leaching of fluoride in the past. The thermal waters tend to have high fluorine concentrations (up to 40 mg/l) as elevated temperatures allow intense leaching of acidic rocks and higher dissolution of fluorine (fluoride). There is a direct correlation between the chemical composition of silicic volcanic rocks and high concentrations of fluorine in groundwater. Porous silicic pyroclastic rocks, such as pumice, where fluorine is present as water-soluble sodium fluoride, are considered to represent the main source of leachable fluoride. The rhyolitic rocks are extremely poor in calcium and phosphorus, which prevents fixing of fluorine in apatite or non-leachable calcium fluoride. Rango et al. (2009) stated that fluorine concentrations in groundwater are inversely related to the concentration of calcium, which permits the high mobility of fluorine at low Ca levels in groundwater. This is the case of the Shalo hot spring, which contains 40 mg/l of F but only 1 mg/l of Ca. The elevated concentrations of SO 4 together with high Na content lead to the crystallization of sodium fluorosulphate (kogarkoite) instead of sodium fluoride (villiaumite) following the chemical reaction: Na 2 SO 4 + NaF = Na 3 SO 4 F.
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